Joint inversion for hypocentral parameters and the velocity field is nowadays a state of the art tool to obtain high-resolution images of seismically active regions. In this study, we focus on the location accuracy of aftershocks of the 1999 Mw=7.4 İzmit (NW Turkey) earthquake. We obtained a new velocity model for the region, and depicted its improvement on absolute locations in terms of uncertainty and misfit. Two well-developed aftershock clusters located in the Akyazı area and Karadere-Düzce region, were analyzed in detail based on a waveform cross-correlation approach that allowed improving the location accuracy by a factor of 6. Relocation results reveal that hypocenters form narrow planes of activity that can be correlated with focal mechanisms of the larger aftershocks as well as nearby clouds of activity with no internal structure down to the resolved scale of ~300 m.
Introduction and data base
On 17 August 1999 a Mw=7.4 earthquake occurred at the Izmit segment of the North Anatolian Fault Zone (NAFZ) in NW Turkey. The hypocenter was located at 40.75°N, 29.86°E at 17 km depth (see Figure   1a ). The mainshock ruptured a roughly 140 km long section of the NAFZ extending from the easternmost Sea of Marmara in the West to near the city of Düzce in the East (e.g. Barka et al., [2002] ). Several studies have been carried out to examine the aftershock activity along the rupture zone and surrounding areas (e.g. Örgülü and Aktar, 2001 , Karabulut et al., 2002 , Özalaybey et al., 2002 , Ben-Zion et al., 2003 . However, yet presented aftershock catalogs still require an improved hypocenter-location accuracy around the eastern part of the rupture, especially in the Akyazı and Karadere-Düzce areas.
Here we analyze recordings obtained by a 36-station network that covered the entire Izmit rupture.
The network consists of a nucleus of 15 stations being in operation since 1996 (Sapanca-Bolu network, C. Milkereit et al., [2000] ) which was then upgraded by another 21 stations within only four days after the mainshock by the German Task Force for Earthquakes of GFZ Potsdam (Zschau and Grosser, pers.
comm.). The combined network allowed to locate ~10000 aftershocks at a threshold of magnitude completeness of 1.1 (see Bohnhoff et al., [2007] , for details). Restricting the catalog to events with location errors <5km in lateral and vertical direction, respectively, results in a total of 5163 events that are plotted in map view and as depth section in Figure 1a . The distribution allows identifying two main clusters of activity, named Akyazı and Karadere-Düzce cluster hereafter. At the eastern termination of the rupture a sharp steeply dipping boundary of activity is observed exactly where the subsequent Düzce mainshock initiated 87 days after the Izmit event.
Absolute hypocenter determination was achieved by fitting the arrival time readings to the calculated ones based on a regional 1-D velocity model. Lateral effects of a three-dimensional velocity structure were ignored. However, the use of relative travel times of incoming waves from neighboring events allows to largely eliminate effects of the unknown velocity distribution. Differential travel-time measurements derived from handpicked arrivals and cross-correlation of P-and S-wave windows significantly reduces the hypocenter location error caused by velocity structure and arrival readings (Waldhauser & Ellsworth, [2000] ).
The method improves spatial resolution and allows identifying small-scale structures that otherwise remain hidden in clusters. Hand-picked arrival times give a first-order estimate of relative travel times, and accuracy of the hypocenter location is significantly increased by applying waveform cross-correlation.
Yet, waveform-based relocation studies for the Marmara Region are rare (Bulut and Aktar, [2007] ) despite their potential to refine seismotectonic models of the region. In this study, we analyze the Akyazi and Karadere-Düzce cluster as part of the 1999 İzmit rupture based on an improved relocated aftershock catalog.
Velocity Model
Absolute hypocenter determination of İzmit aftershocks recorded by the 36-station network was performed using the HYPOCENTER earthquake location program (Lienert et al., [1995] ) using 104080 hand-picked P wave arrival times (Bohnhoff et al., [2007] ). Location error and RMS residuals of the hypocenters that are located based on a 1-D velocity model (Özalaybey et al., 2002) are indicated in figure   2 . The absolute location procedure allows minimizing the RMS value even without a well-known velocity model, but not hypocenter uncertainties. Therefore, we minimized all three parameters (RMS, vertical and horizontal error) simultaneously and derived an improved 1-D velocity model for the Akyazi/KaradereDüzce region with more than 1000 highest reliable absolute hypocenters. We first performed a trial-anderror procedure on selected hypocenters in order to find a reasonable layering of the velocity model. Here we assume that appropriate layering of the crust can be defined for which the most reliable hypocenters are obtained, in terms of not only average RMS error but also location uncertainty. The RMS includes the systematic errors which can result from an inadequate velocity model; however it might be minimized even if large hypocenter uncertainties exist (e.g. local minimum). We used various initial velocity models proposed earlier for the Marmara Region (Ergin et al., [1997] , Gürbüz et al., [2000] , Özalaybey et al., [2002] , see Figure 1b) , and determined the depths of interfaces for which all models converge. In a second step, we used the VELEST inversion code (Kissling et al., [1994] ) to obtain a refined P-wave velocity structure. This approach allowed reducing vertical and horizontal errors of the hypocenter locations Absolute location methods usually deal with a system of linear equations called Geiger's Matrix (Geiger, 1910) . This matrix consists of the partial derivatives coming from a truncated Taylor approximation of the nonlinear relation between event location and arrival times. During the minimization process, the number of iterations needed to obtain the final model parameters depend on the damping factor for the least-square inversion procedure. The rate of convergence to the true model depends strongly on the accuracy of the starting model (Lay and Wallace, 1995) . We therefore decided to repeat the inversion for the entire depths interval from 1 to 25 km in 1 km increments minimizing horizontal and vertical errors. This strategy resulted in 1031 additional well-constrained absolute located hypocenters with accuracy better that 5.0 km and a generally improved location error for the entire catalogue (Figure 2.c) .
Relocation of Hypocenters
The rays originating from different events propagate along a similar path if the events are located close to each other compared to the event-station distance. In such cases, the relative arrival time of each event pair can be compared to the offset between two of the events in three-dimensional space. In a conventional location method, arrival time readings can be used to locate the earthquakes individually.
However, the use of relative travel times of event pairs requires taking the difference between linear equation pairs of the Geiger Matrix (Geiger, [1910] ). The Double-Difference technique is based on inversion of the linear equation pairs and minimizes double residuals (Double-Difference) of corresponding relative travel times (Waldhauser and Ellsworth, [2000] ). This technique allows to significantly improve the relative location accuracy for areas with sufficient seismic activity.
We relocate 4696 aftershocks of the Akyazi/Düzce-Karadere area using the Double-Difference earthquake relocation algorithm (Waldhauser and Ellsworth, [2000] ). Relative travel-time data were obtained from both hand-picked arrivals and cross-correlation analysis. The time windows range from -0.1 to 1.4 s framing the handpicked P-wave arrival times. Cosine taper and band-pass filter between 1-20 Hz were applied prior to the cross-correlation based time-delay estimation. We assume that this approach is preferable to estimate the delay times for cross-correlation coefficients >0.55.
More than 500.000 waveforms were correlated that belong to the selected event pairs of separation distances less than 6 km (mean: 2.07 km). Maximum number of neighbors per event is set to 15 to keep the computation time within reasonable limits. 218.482 (39%) of the waveform pairs revealed a sufficient similarity according to the given threshold of 0.55, and thus were considered for the estimation of relative travel times for corresponding event pairs instead of catalog-based data. 87% of the events are strongly paired. The program is then run in a damped least-square mode. Catalog-based data was pre-weighted according to picking quality, whereas cross-correlation data were ranked according to correlation coefficients. The relocated hypocenter catalog contains 4696 events and its high location accuracy is documented by the reduction of average RMS to 29 ms and average relative horizontal and vertical errors of ~300 m and ~400 m, respectively. Therefore, the location accuracy was improves by a factor 6 with regard to initial average absolute location error of 2.4 km along the İzmit rupture.
Results and Discussion
The relocated catalog of Izmit aftershocks allows identifying a number of structural features. The map view (Figure 3 .a) clearly confirms existence of two main clusters of activity in the Akyazi and KaradereDüzce areas. The majority of events are observed between 6 and 16 km depth and only a small number occurred near the surface. Here, the upper boundary of the seismicity is more pronounced compared to the Akyazı area. This distribution of hypocentral depths is stable even if we use other velocity models formerly proposed for the region (see Figure 1b ) confirming upper and lower bounds for hypocentral depth.
The aseismic zone from the surface down to 6 km depth extends along most of the Izmit rupture. Only a local fault patch near the Karadere fault shows ~30 fairly shallow events (see Figure 3.b) . A similar aseismic zone down to 5 km depth was observed at the San Andreas Fault near Parkfield (Waldhauser et al., 2004) . There, the aseismic zone is restricted only to the locked part of the San Andreas Fault. In our case the absence of shallow seismicity could indicate the first phase of the earthquake cycle at the IzmitSapanca segment of the NAFZ after the Izmit mainshock.
The Akyazı hypocenter cluster extends from east of the Sapanca Lake towards the western portion of the Almacık Block (Figure 3.a) . Based on the relocated hypocenters we identify two linear features within this cluster. In the SW a prominent N130°E trending plane of hypocenters is observed forming the westward extension of the Mudurnu valley. There, a M>7 earthquake occurred in 1967 (Ambraseys et al., 1969) pure strike-slip motion on the fault. Towards the East we observe a more diffuse distribution of aftershocks reflecting an abrupt and steeply dipping termination of activity where the Izmit rupture stopped and where the Mw=7.1 Düzce earthquake initiated 87 days after the İzmit mainshock (Milkereit et al., 2000) . The Düzce event mainly propagated towards the east but also re-ruptured parts of the KaradereDüzce segment west of the mainshock (Umutlu et al., [2004] ). Within this activity we find indications for partially parallel oriented smaller structures at 7-15 km depth that are dipping to the North. These planes match with the aftershock-focal mechanisms for events larger than M=4 that all have an almost identical fault plane solutions (Bohnhoff et al., 2006) .
The resolution of aftershock hypocenter locations derived here allows us to identify the lateral variations of seismotectonic setting along the İzmit-Düzce segment of the NAFZ. Surface observations (e.g. Barka et al., 2002) and GPS measurements (e.g. Ergintav, 2002) indicate an E-W oriented displacement field as the major characteristic of this area that is caused by the westward movement of Anatolian plate with respect to stable Euroasia (McClusky et al., 2000) . In the Akyazi area, the majority of events reflect EW-extensional normal faulting on NS-oriented fault planes that were partly identified by the relocated events. To the NE, the dominant type of faulting turns into right-lateral strike-slip faulting on NW-SE trending fault planes reflecting the Karadere fault. We interpret the lateral changes in characteristic types of faulting along the Izmit rupture to be caused by strong structural variations along this part of the NAFZ, namely the homogeneous Akyazi Block consisting of strong material causing the NAFZ to locally deviate from its regional EW-striking trend. 
